In Brief
Schwarz, Bierbaum, et al. re-engineer leukocyte migration along immobilized chemokine gradients and find optimal responses when gradient shapes mimic the ones found in vivo. Sensing properties follow a signal-to-noise ratio of receptor ligation across the cell body. Mutants in signal processing selectively affect haptotaxis and not chemotaxis.
Navigation of cells along gradients of guidance cues is a determining step in many developmental and immunological processes. Gradients can either be soluble or immobilized to tissues as demonstrated for the haptotactic migration of dendritic cells (DCs) toward higher concentrations of immobilized chemokine CCL21. To elucidate how gradient characteristics govern cellular response patterns, we here introduce an in vitro system allowing to track migratory responses of DCs to precisely controlled immobilized gradients of CCL21. We find that haptotactic sensing depends on the absolute CCL21 concentration and local steepness of the gradient, consistent with a scenario where DC directionality is governed by the signal-to-noise ratio of CCL21 binding to the receptor CCR7. We find that the conditions for optimal DC guidance are perfectly provided by the CCL21 gradients we measure in vivo. Furthermore, we find that CCR7 signal termination by the G-protein-coupled receptor kinase 6 (GRK6) is crucial for haptotactic but dispensable for chemotactic CCL21 gradient sensing in vitro and confirm those observations in vivo. These findings suggest that stable, tissue-bound CCL21 gradients as sustainable ''roads'' ensure optimal guidance in vivo.
INTRODUCTION
Cellular guidance by attractive cues is a central concept in developmental biology, immunology, regeneration, and many pathological processes, such as cancer metastasis. The classical paradigm of cell guidance is chemotaxis, where cells follow soluble gradients. However, guidance cues (e.g., chemokines) can either emerge in a soluble phase or can be immobilized to cells or extracellular matrix. As most chemokines bind extracellular substrates [1] , it is reasonable to assume that immobilization is decisive in vivo. Indeed, the only two examples, where the phase of functional chemokine gradient distribution was directly investigated in vivo, showed immobilized patterns [2, 3] . The concept of cell guidance by substrate-immobilized guidance cues is termed haptotaxis [4] .
Prerequisite for any directional response to gradients is the detection of a concentration difference across the cell diameter. Hereof, Berg and Purcell have formulated theoretical limits [5] . Recently, those limits have been extended to explicitly include receptor binding [6] [7] [8] . Models based on detection of a spatially varying concentration by differential receptor binding were evaluated by observing soluble gradient-induced chemotactic responses in vitro [9, 10] . A number of chemotactic interpretation models have been developed to explain how cells integrate signals into a directional response and how signal differences on the receptor level lead to cell polarization and directed migration [11, 12] . Although recently the first in vitro systems for the generation of immobilized gradients became available [13] , chemokine-guided haptotaxis has not been quantitatively addressed yet.
The only physiological setting where chemokine distribution has been quantitatively assessed is the migration of dendritic cells (DCs) toward the lymphatic vessel (LV). Here, DCs are guided by an immobilized gradient of the chemokine CCL21. Secreted by lymphatic endothelial cells, CCL21 is retained by charged components of the interstitium, thereby forming a stable, immobilized gradient decaying from the LVs [2, 14] . Stimulated by pathogens or danger signals in the periphery, DCs use those stable ''routes'' to efficiently find LVs; enter them; and, after reaching the draining lymph node (LN), eventually instruct T cells [15] . Whereas haptotactic migration in the skin is guided by tissue immobilized CCL21, migration within the LN is additionally instructed by soluble CCL19 [16] , which also binds to CCR7. How CCL19 and CCL21 differentially affect DC migration is controversial, with one study showing superior attractant potency for CCL19 and another for CCL21 [17, 18] .
In vitro signaling studies showed that CCL19 and CCL21 promote differential desensitization after ligation. CCR7 desensitization is mediated by two G-protein-coupled kinases (GRKs), GRK3 and GRK6. CCL19 induces GRK3 and GRK6 activation and rapid b-arrestin2-dependent CCR7 internalization and recycling [19, 20] . Therefore, CCL19 signals lead to receptor desensitization and allow for signal adaption [19] [20] [21] [22] . CCL21 induces GRK6 binding of CCR7, blocking further heterotrimeric G protein activation. CCL21-induced GRK6 binding does not lead to CCR7 internalization and thereby terminates G protein coupled receptor (GPCR) signaling without receptor adaptation [21, 23] . Although CCL21-induced desensitization is purely GRK6 dependent, the influence of GRK6 on DC haptotaxis has not been studied.
Here, we use DCs as a model system to study the role of gradient characteristics on cellular responses in vitro and in vivo. To address how DCs detect haptotactic gradients of CCL21, we introduce an in vitro system allowing for precise control of CCL21 immobilization while offering ideal migration conditions [24] . We quantitatively assess the influence of different gradient properties, such as steepness, functional form, and total CCL21 concentration, on DC haptotaxis in vitro and compare results with quantitative characteristics of the CCL21 gradients found in vivo. Finally, we use a combined in vitro and in vivo approach to address how CCR7 signal termination by GRK6 influences haptotactic gradient sensing.
RESULTS

Characterization of Immobilized CCL21 Gradients In Vivo
Immunofluorescence data of the endogenous CCL21 distribution in the dermal interstitium of explanted mouse ears showed gradients of tissue immobilized CCL21 steeply decaying from the LVs [2] . To precisely map gradient shape and concentration, we refined our previous immunolocalization strategy [2] to allow exact quantitative mapping of the CCL21 distribution within the perilymphatic interstitium ( Figures 1A-1E ). To this end, whole-mount ear preparations of membrane-labeled mice (mTmG) were fixed and co-stained for the LV marker lymphatic endothelial hyaluronan receptor 1 (LYVE-1) (Figure 1A ) and CCL21 ( Figure 1B ). CCL21 was mainly found at the LVs and also accumulated on cellular structures near LVs ( Figures 1B and 1C) , mainly adipocytes and some blood vessels, which are also surrounded by heparin-sulfate-rich basement membranes and therefore accumulate chemokine (Figures S1 and 1A-1C) [2] . A more faint interstitial CCL21 signal smoothly decreased with distance from the LV, as exemplified in Figure 1D . Quantification of the CCL21 signal decay starting at the edge of each vessel revealed a non-linear gradient of CCL21 ( Figure 1E ; Supplemental Experimental Procedures). The normalized concentration of CCL21 could be fitted with an exponential function of the form c 0 + a , exp (Àx / d), where c 0 is the background concentration originating from unspecific background staining or detector offset, a the maximal concentration of bound chemokine, and d the decay length, which is a measure of the shape of the gradient. From the fit, the in vivo decay length d was found to be 54.3 ± 2.8 mm ( Figure 1F ).
Haptotaxis Assay
In order to understand how DCs follow tissue-immobilized, haptotactic CCL21 gradients, we sought to mimic haptotactic migration under defined in vitro conditions. Here, a major challenge is that migrating DCs adhere only weakly to their environment [25] , and therefore, 2D surfaces are insufficient migratory substrates. In contrast, the migration of DCs was shown to be ideally promoted in 3D extracellular matrix scaffolds [25] , where adhesion plays a minor role as the cells are physically confined to the substrate. Alternatively, more reductionist settings offering physical confinement, like microfabricated channels or closely adjacent surfaces, were used to assay DC migration [26] . We used microfabrication to confine DCs between two parallel surfaces [26] , which is sufficient to promote random migration of mature DCs. The tissue immobilized haptotactic gradient of CCL21 was engineered by chemokine photo-immobilization (Figures 2B and 2C) [27, 28] . Properties of the so-generated gradients were controlled by visualizing dye-labeled streptavidin (SACy3), which served as an adaptor to immobilize biotinylated chemokine ( Figures 2C and S2 ). To avoid unspecific binding of CCL21 to non-patterned regions, we used a truncated, biotinylated version of CCL21 (CCL21 24-98 bio) that lacks the highly charged C-terminal extension responsible for heparan sulfate binding in vivo ( Figures S3A and S3B ) [2, 29] . This version of CCL21 exhibited similar chemotactic activity in a 3D chemotaxis assay compared to full-length CCL21 ( Figure S3C ).
Antibody staining against mCCL21 confirmed the successful immobilization of CCL21 24-98 bio on the polydimethylsiloxane (PDMS) surface ( Figure S2A ). To quantify the efficiency of CCL21 24-98 bio surface deposition, we used a fluorescently labeled version of the biotinylated chemokine and compared the gradient intensities with the respective fluorescence standard curve ( Figures S2B and S2C ). In the haptotaxis assays, maximal concentrations of immobilized CCL21 24-98 bio of 180 ± 58 molecules/mm 2 , including a background of 5 ± 2 molecules/mm 2 ( Figure S2C ), can be surface deposited. Taken together, our assay confines DC migration in a chamber of 4 mm height that contains arrays of immobilized CCL21 of size 350 3 350 mm. The CCL21 concentration profiles in these arrays can have any continuous shape in the range of 5-180 molecules/mm 2 . To precisely reproduce the gradient observed in vivo in our in vitro assay, we generated an exponential-like CCL21 24-98 bio gradient ( Figure 2D ; SA-Cy3 staining). This resulted in a gradient with a shape characterized by a decay length of d = 55.1 ± 0.7 mm (Figure 2E ), identical to the one observed in vivo ( Figure 1F ). The unknown property of the exponential interstitial CCL21 gradient we measured in vivo is the absolute concentration c 0 + a of immobilized CCL21. Hence, to reproduce the gradient observed in vivo as closely as possible, exponential gradients with a characteristic decay length of 54 mm with different absolute CCL21 concentrations were tested in vitro.
Characterization of DC Migration in Haptotaxis Assays
To elucidate the impact of gradient shape and concentration on recognition of haptotactic CCL21 gradients by DCs, we immobilized exponential-like ( Figure 3A , blue) and linear (green) gradients of CCL21 24-98 bio, using the decay length d observed in vivo in the exponential-like gradients ( Figures 1F and 2E ).
We generated both shapes with two degrees of steepness. In the first type, the maximal concentration of 180 molecules/mm 2 allowed by the system was set to be the maximum of the gradient. In the second type, we chose half of this maximal concentration, i.e., 90 molecules/mm 2 ( Figure 3A ; intensities I = 1 and I = 1/2). After cell loading and assembly of the haptotaxis chamber ( Figure 1 ) [24] , we collected trajectories of migrating cells for durations of R100 min ( Figure S4A See also Figure S1 .
the instantaneous directionality or haptotactic index (HI) of the cell is given by HI = cosq, where q is the angle between the current direction of the cell and the direction of the gradient. An index equal to one, HI = 1, represents migration along the direction of the gradient, and HI = À1 migration against gradient direction (Figure 3B ). As we were interested in the change of cell migration as a function of the external CCL21 concentration, we pooled all cell tracks from a given region into eight equally spaced bins ( Figure 3C ). Throughout this paper, we present the average directionality <HI> and the velocity in these bins. For simplicity, we refer to the average directionality <HI> as the haptotactic index.
Gradient Shape and Steepness Influence Recognition of Haptotactic CCL21 Gradients
After adopting a polarized shape, DCs started to migrate in the haptotaxis chamber. In chambers without immobilized CCL21 24-98 bio (Figure 3D ; R10 cell culture medium), in chambers offering maximal homogeneous surface-immobilized CCL21 24-98 bio ( Figure 3D ; c MAX ), and in areas outside of surface-immobilized CCL21 24-98 bio with background concentration c 0 ( Figure 3D ; c 0 ), cells migrated randomly, showing HIs of zero within error ( Figure 3D ). However, cells migrating on a shallow exponential-like gradient ( Figure 3A , blue profile with I = 1/2) exhibited a high positive haptotactic response throughout the whole gradient ( Figure 3E , blue symbols). In contrast, a linear gradient covering the same concentration range ( Figure 3A , I = 1/2, green profile) was not able to induce haptotactic behavior ( Figure 3E , green symbols), showing that the ability of DCs to perform haptotaxis depends on the shape of the gradient.
In the exponential-like gradients, a significant fraction of the gradient falls below concentrations of $10 molecules/mm 2 of CCL21 24-98 bio, which is very close to the background. In these low concentrations, cells still showed a strong haptotactic response. These data were noisier because, in low concentration regimes, the variation of the printed pattern relative to the absolute concentration is inevitably higher than at higher concentrations. For concentrations exceeding $30 molecules/mm 2 , the haptotactic response decreased with increasing concentration ( Figures 3E and S5A ).
Cells on gradients exploring the full range of concentrations ( Figure 3A ; I = 1) clearly showed directional migration for both linear and exponential gradients ( Figure 3F ). Again, cells on exponential gradients showed a significantly higher haptotactic response compared to cells migrating on linear gradients (Figure S5B ). Unlike the shallow linear gradient (I = 1/2), the steep linear gradient (I = 1) induced a haptotactic response also in regimes of low CCL21 24-98 bio concentration. As for shallow gradients ( Figure 3E ), the directionalities fluctuated for CCL21 24-98 bio concentrations close to the background. However, exploiting the full range of concentrations led to directionalities that decayed smoothly as concentration increased ( Figure 3F ).
In all cases where cells showed a haptotactic response, cell directionality decreased toward higher concentrations, with con- Table S1 .
centrations below 40 molecules/mm 2 leading to the highest directionalities. Our results show that haptotaxis strongly depends on gradient shape, with the in-vivo-like exponential gradients leading to overall higher cell directionalities compared to linear gradients. In addition, we find that shallow linear gradients fall below a detection threshold that is determined by intrinsic cellular properties [5] . Recognition is still possible in exponential gradients spanning the same concentration range.
Dendritic Cell Haptotaxis Reflects Signal-to-Noise Ratio of Immobilized Chemokine Gradient
The experimentally obtained directionalities indicate a mechanism of CCL21 recognition that depends on both the shape of the gradient and total chemokine concentration. In the following, we will outline that this dependency is in agreement with the signal-to-noise ratio (SNR) of CCL21 recognition by its receptor CCR7.
In order to move directionally, a cell has to recognize the difference in concentration across its diameter, a mechanism referred to as ''spatial gradient recognition'' [5] . This recognition process is mediated through binding of chemokine to the respective receptor with a dissociation constant K ( Figure 4A ). Assuming equilibrium receptor ligand binding and a fixed number of receptors, the receptor occupancy in the linear and exponential gradients ( Figure 4B , left panel) can be calculated ( Figure 4B , middle panel). For simplicity, we assume receptor numbers to be constant for each cell; this assumption is plausible as activation of CCR7 by CCL21 does not lead to b-arrestin-2-dependent receptor internalization [21] .
To move directionally, the cell has to interpret the signal given by the average difference of bound receptors across its diameter. The strength of this signal is then determined by the average signal compared to its fluctuations-the SNR. The SNR relevant for signal recognition at the receptor level is given by the average difference in receptor occupancy divided by the SD of this difference. Different concentration profiles lead to different patterns of bound receptors and, as a consequence, different SNR ( Figure 4B , right panel). For a homogeneous distribution of receptors on the cell surface, the SNR on the receptor level has a particularly simple form,
where K is the dissociation constant, R is the total number of receptors, c is the concentration, and Dc is the difference in concentration across the cell diameter [30] . If the direction of the moving cell is primarily determined by the cell's ability to detect the gradient, the quality of this detection should be reflected in the cell directionality. The recognition of guidance cues by the respective receptors represents an initial step in the detection process, making it likely that the SNR governs the detection process. Comparison to our data revealed that the simple form of the SNR above is indeed in agreement with cell directionality (Figures 4C and 4D) up to a proportionality factor that links SNR and HI, such that HI = a , SNR. A dissociation constant of K = 0.06 molecules/mm 2 is consistent with the data for the full concentration range (I = 1 and I = 1/2; both linear and exponential). However, different proportionality constants a lin = 0.58a exp (Experimental Procedures) are needed to obtain quantitative agreement for the linear and exponential patterns, respectively. This difference in proportionality constants is most likely due to different cell velocities that are induced by the different profiles; indeed, DCs show a prominent chemokinetic effect, i.e., the presence of CCL21 significantly influences the velocity (see below). Upon conversion of the number of chemokines to a molar concentration, the dissociation constant becomes K = 0.1 nM. This value for K is in the range of values reported previously [17, 31] . Additionally, our experimental data agree with various key features of a SNR that is based on recognition of CCL21 by the receptor. First, for c >> K, the overall SNR strengths are ordered as SNR exp, I = 1 y SNR exp, I = 1/2 > SNR lin, I = 1 > SNR lin, I = 1/2 , irrespective of the dissociation constant. Across all conditions measured, this hierarchy also holds true for the directionalities we observed. Second, in the limit of K << c, the theoretical SNR scales as ðDc= ffiffiffiffiffi c 3 p Þ; the tails of our distributions are indeed consistent with this scaling behavior (Figure 4) . The shallow linear gradient produces the weakest SNR and seems to fall Figures 5A and 5B) . The presence of soluble CCL21 24-98 bio significantly enhanced cell speed and persistence compared to cells migrating in pure cell culture medium ( Figures 5C, S3D , and S3E). For immobilized CCL21 24-98 bio, cell trajectories were too short to extract persistence. These results suggest that both soluble and immobilized CCL21 have a chemo-or haptokinetic effect on the migration of mature DCs.
Interestingly, when exposed to gradients of immobilized CCL21, cells showed a decrease of velocity with increasing CCL21 concentration. In both linear and exponential gradients, cells showed increased velocity in regions of low concentrations of CCL21 24-98 bio, whereas velocities on maximal concentrations were comparable to chemokine-free conditions ( Figure 5D ). Figure 5E shows the full dependency of average velocity of haptotactic DCs for gradients reaching maximal CCL21 24-98 bio deposition (I = 1). Cells migrating on those linear and exponential-like gradients showed the highest velocities in low concentrations and slowed down toward the maximum of the immobilized CCL21 24-98 bio gradients. Generally, cells migrating on linear gradients of CCL21 24-98 bio were faster than on exponential-like gradients when compared at similar concentrations in all conditions, I = 1 and I = 1/2 ( Figures 5E  and S6 ). In addition, increased gradient amplitude (I = 1) led to higher migration velocities for both linear and exponential gradients compared to gradients reaching only half-maximal CCL21 24-98 bio concentration (I = 1/2).
Furthermore, the average cell velocity correlated with cell directionality if profiles were steep ( Figure 5F ). Thus, haptotaxis and haptokinesis have opposing effects on velocity: whereas the presence of high CCL21 concentrations as such increases DC velocity, the presence of a gradient reduces velocity. The observed higher cell velocities on linear profiles compared to exponential ones ( Figures 5E and S6 ) thus most likely occur because the cells are exposed to overall higher absolute chemokine concentrations in linear profiles.
G-Protein-Coupled Receptor Kinase 6 Is Important for Sensing Shallow Haptotactic Gradients but Dispensable for Chemotaxis
The response of DCs to immobilized gradients of CCL21 reflects the quality of signal transduction in the sense that cells with fully functional chemokine signal processing rely on the SNR of bound CCL21 in order to move directionally. Thus, perturbations of signal processing may result in hindrance of haptotaxis, and, as a consequence, an impaired efficiency to reach the LV in vivo.
GRKs play an important role in signal modulation and desensitization close to the receptor level of the GPCR signaling hierarchy [23] . GRK6 was shown to be responsible for CCR7 phosphorylation exclusively after activation by CCL21 [21] . In contrast, CCL19 binding of CCR7 led to recruitment of GRK3 and GRK6, resulting in completely different signal modulation, including rapid receptor internalization [20, 21] . GRK6-dependent CCR7 phosphorylation therefore is a promising candidate for perturbing CCL21-induced CCR7 signaling and gradientsensing characteristics. We therefore analyzed directionality and velocities of DCs lacking the G protein coupled receptor kinase 6 (Grk6 À/À DCs). Figure 3A) .
Surprisingly, Grk6
À/À DCs did not show any impairment in their ability to chemotax when exposed to soluble (diffusion-generated) gradients of CCL21 24-98 bio ( Figures 6A and 6B ). However, when exposed to a haptotactic gradient, Grk6 À/À cells showed severely reduced directionalities ( Figures 6C and S4 ) and velocities ( Figure 6D ) compared to wild-type (WT) cells. For most concentrations, Grk6 À/À cells did not exhibit any directionality in neither linear nor exponential-like gradients (Figure 6C ). Directional sensing of Grk6 À/À DCs on both gradients was partially restored in high concentrations, reaching directionalities comparable to WT cells at similar concentrations (Figure 6C) . Grk6 À/À cells migrated slower than WT cells over the entire range of concentration in both the linear and exponential gradients ( Figure 6D ). In contrast to WT cells, the velocities of Grk6 À/À DCs did not differ on linear and exponential gradients and remained almost constant throughout the entire range of concentration ( Figure 6D ). Our in vitro results show that GRK6 is crucial for haptotaxis but dispensable for chemotaxis or cell migration as such. Grk6 
G-Protein-Coupled Receptor Kinase 6 Is Important for Shallow Haptotactic Gradient Sensing In Vivo
To test our in vitro finding in tissue environment, we used dermal explants of split mouse ears and added labeled, exogenous DCs on the exposed dermal tissue bearing endogenous haptotactic CCL21 gradients (Figure 7) . After an initial adhesion phase of 20 min, cells that did not enter the interstitium were washed away (scheme in Figure 7A ). After 75 min of interstitial migration toward the LVs, the explants were analyzed (Figures 7B  and 7C ).
After the initial invasion step, fewer Grk6 À/À DCs entered the ear explants compared to WT DCs ( Figure 7D ). These fewer remaining Grk6 À/À DCs were on average located closer to the LVs than WT DCs, demonstrating that they restricted their invasive response to regions close to the vessel, where endogenous CCL21 concentration is higher ( Figures 7E, 1B, and 1D ). The lack of invasion seemed independent of adhesion as, upon in vitro exposure to homogeneous concentrations of CCL21, adhesion of Grk6 À/À DCs was comparable to WT DCs ( Figure S7A ).
Invading the tissue similarly efficiently at high CCL21 concentration regimes ( Figures S7B and S7C ), significantly more Grk6
DCs had intravasated due to their starting point being closer to the LV for Grk6 À/À compared to WT cells (indicated by higher alignment with the vessel; Figure 7F ). Together, these findings were in line with the in vitro findings, where the response of Grk6 À/À DCs was shifted to higher concentrations and suggested that perturbed directional sensing was responsible for impaired invasion in areas of low CCL21 concentration in vitro and in vivo. As GRK6 deficiency did not impair chemotactic migration in vitro, we injected DCs into afferent LVs, thereby bypassing the haptotactic phase in the skin and depositing the cells directly in the LN where they are exposed to both CCL19 and CCL21. In line with the in vitro observation, intranodal migration was identical for WT and GRK6-deficient cells ( Figures S7E and S7F) , providing evidence that GRK6 is required for haptotaxis but dispensable for chemotaxis.
DISCUSSION
In our study, we employ the currently best understood metazoan paradigm of chemokine-gradient-guided migration to explore the quantitative aspects of haptotactic gradient sensing. To this end, we set up in vitro environments with differently shaped surface-immobilized CCL21 gradients to investigate DC haptotaxis. By analysis of hundreds of cell trajectories, we determined the directionality of the cells, their corresponding velocity, and the dependence of these quantities on the corresponding gradient profile. Our experiments show that cell migration is most directional in concentration profiles resembling those observed in vivo, with exponentially decaying concentrations of CCL21 (Figures 3E and 3F) . Recognition of linearly rising concentration profiles is possible as long as their slope exceeds a given threshold. In all cases where cells recognize the gradient, low concentrations of CCL21 lead to higher directionality than high concentrations.
These observations are consistent with a scenario where the SNR of gradient detection on the receptor level governs cell directionality ( Figures 4C and 4D) . In other words, DC directionality reflects the quality of the signal, which poses a limit to haptotaxis irrespective of the specific mechanism of signal integration. What we cannot quantify here is the extent to which the SNR is influenced by intrinsic noise further downstream in the signaling cascade. Whereas a SNR including second messenger dynamics has been discussed for chemotactic Dictyostelium [9] , the corresponding numbers are not available for haptotaxis. Our experiments provide strong evidence that cells interpret the concentration difference incorporated by the difference in bound receptors at the front and the back of the cell, an assumption made in many models of signal recognition in chemotaxis [33] . Possible mechanisms cells exploit to interpret the difference in bound receptors have been discussed theoretically but have not been fully clarified experimentally [12, [34] [35] [36] . Other features that influence the directionality of cell migration but are not included in the SNR are memory effects, such as cell persistence. As cells tend to maintain their direction to a certain extent, directionality data across a few cell diameters are not entirely independent.
Measurements of DC velocities revealed substantial differences in haptotactic and haptokinetic response to CCL21. Whereas DC motility increases with CCL21 concentration, the presence of a gradient superimposes a haptotactic effect on cell migration that limits cell velocity (Figures 5A-5D) . Along those lines, we find DC velocity correlating with directionality ( Figures 5E and S6B) .
This alteration could point to DCs exploiting kinetic guidance, a phenomenon that has been observed in different cell types: haptotactic zebrafish neutrophils are guided exclusively kinetically toward tissue-bound zCXCL8 sources through increasing their migration velocity while migrating toward but slowing down in close proximity to the source [3] . For these cells, zCXCL8 functions as a kinetic trap at the source of zCXCL8 secretion. Similarly, intravital microscopy studies showed that, at the site of chemokine production, lymphocytes rather accumulate by slowing down than by accelerating [37, 38] . Similarly, for mature DCs, a kinetic trap at the LV could be favorable as well, as a slow down at high CCL21 concentrations in proximity of the LV would serve as a trigger for DCs to accumulate at the vessels and prevent ''overshooting.'' Using our novel technology, we tested the motile properties of GRK6-deficient cells. It turns out that impaired GRK6 signaling, which was previously established in biochemical experiments [21] , considerably hinders haptotaxis in terms of directionality and velocity, while not affecting chemotaxis in similar concentration regimes ( Figure 6C ). Signal termination of CCR7 after CCL21 activation is solely dependent on GRK6 and mainly occurs via an internalization-independent mechanism [19] [20] [21] . It is likely that impaired signal termination alters the signal transmission downstream the signaling cascade, hence affecting intracellular ''noise,'' which in turn can shift haptotactic response in direction of higher CCL21 concentrations [30] . The decline in migration velocity of GRK6-deficient cells was reminiscent of cancer cells with impaired ERK signaling [38] . Reduced mitogen-activated protein (MAP) kinase signaling of GRK6-deficient DCs might therefore be responsible for reduced DC migration efficiency, independently of CCL21 concentration and gradient shape ( Figure 6D) .
Together, our new surface-patterning methodology allowed for the first time to measure gradient responses in a precise quantitative manner. This includes a distinct response of DCs to differently shaped profiles, a separation of haptokinetic and haptotactic effects, as well as characterizing haptotaxis of DCs with perturbed signal processing. The haptotactic response of DCs to immobilized CCL21 is well described by the SNR of receptor-ligand interaction. Optimal haptotaxis crucially depends on GRK6 and CCL21 profiles with the best SNR. These profiles are precisely matched by the chemokine gradient we measured in vivo.
EXPERIMENTAL PROCEDURES
Cell Culture DCs were generated from the bone marrow extracted from femur and tibia of mice in R10 culture medium (RPMI 1640 supplemented with 10% fetal calf serum [FCS], 2 mM L-glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin, and 50 mM 2-mercaptoethanol; all Invitrogen) supplied with 10% granulocytemacrophage colony-stimulating factor (GM-CSF) hybridoma supernatant. DCs were maintained at 37 C in a humidified incubator with 5% CO 2 and frozen on day 9 of the culture in 10% DMSO in FCS. For experimental use, frozen DCs were thawed and stimulated overnight with 200 ng/mL lipopolysaccharide (LPS) prior to usage. bone marrow chimeric mice were generated as described in Supplemental Experimental Procedures.
Chemokine Biotinylated, truncated murine CCL21 (mCCL21 24-98 bio; Table S1 ) was synthesized by ALMAC (Craigavon). Desiccated mCCL21 24-98 bio was reconstituted to a concentration of 25 mg/mL in PBS and stored at À20 C. Prior to use, mCCL21 24-98 bio was diluted to a working concentration of 250 ng/mL in PBS. DyLight 594 (Thermo Fisher Scientific) labeled mCCL21 24-98 bio was prepared following the manufacturer's protocol. In brief, 100 mg mCCL21 24-98 bio were reconstituted in 100 mL phosphate buffer containing 0.1 M Na 2 HPO 4 , 0.15 M NaCl adjusted to pH 7.2-7.5. 65 mg DyLight 594 NHS ester (Thermo Fisher Scientific) was added, and the mixture was allowed to react for 1 hr at room temperature. Subsequently, excessive DyLight 594 NHS ester was quenched for 1 hr at room temperature by adding 1.4 mL of Tris/HCl (pH 7.6). mCCL21 24-98 bio DL595 was purified using molecular weight (MW) 10 kDa spin columns (Amicon Ultra-2 Centrifugal Filter devices; Millipore) and stored at À20 C.
Quantification of Surface-Immobilized CCL21 24-98 bio Fluorescence intensities of a dilution series of mCCL21 24-98 bio DL595 (0.6, 0.3, 0.06, and 0.03 mg/mL) were measured in a defined volume of a 5 mm high PDMS chamber, and a standard curve was calculated (fluorescence intensity = 145 ± 153 molecules/mm 2 ). Fluorescence intensities of patches of surfaceimmobilized mCCL21 24-98 bio DL595 were measured using the same imaging settings as for the dilution series. Immobilized mCCL21 24-98 bio DL595 concentrations were calculated from measured fluorescence intensities using the obtained standard curve.
The photomask design for the PDMS chamber was drawn with Coreldraw X8 (Corel) and printed on an emulsion film transparency at a resolution of 8 mm (JD Photo Data and Photo Tools). A mold for the chamber was produced by photo-lithography on a silicon wafer as described earlier with minor modification [39] . In brief, the wafer was coated with SU8-GM1050 (Gersteltec) at 2,120 rpm for 40 s for a height of 4 mm. The wafer was soft baked for 1 min at 120 C and 5 min at 95 C, and then exposed to UV $1 mJ/cm 2 for 10 min using a beam-expanded 365 nm UV LED (M365L2-C1-UV; Thorlabs). After UV exposure, the wafer was post-baked for 1 min at 65 C and 5 min at 95 C. The wafer was developed in SU8 developer for 17 s. The wafer was silanized with trichloro(1H,1H,2H,2H-perfluorooctyl)silane in a vacuum desiccator for 1 hr.
Haptotaxis Chamber Production
Haptotaxis chambers were built as described in earlier work [24] . For a detailed description, please refer to Supplemental Experimental Procedures.
Laser Writing and mCCL21 24-98 bio Immobilization For chemokine micropatterning, 20 mL biotin-4-fluorescein (B4F) (150 mg/mL; Sigma-Aldrich) was placed in the middle of a PDMS-coated glass dish, and patterns were written using a steerable, pulsed UV laser (l = 355 nm) as described before [40] . In Brief, the UV laser was focused into the interface between the bottom of the PDMS-coated glass slide and the biotin-4-fluorescein solution with a long working distance 203 objective (Zeiss LD Plan Neo 203/0.4). A pair of high-speed galvanometric mirrors, controlled by a custom program, was moving the focal spot within the B4F droplet. The gradient pattern was specified by an image whose pixel values determined the light dose used for bleaching. Careful calibration allowed compensating for the off-center drop-off of numerical aperture of the objective as well as the geometric distortions from the imperfect imaging of the scan mirrors into the back aperture of the objective. This allowed gradient writing in the full field of view of the objective. For each spot, the total light dose was split up into multiple laser pulses in order to average out the pulse-to-pulse power variability of the laser. The gradient was written one spot at a time, with the scanning mirrors moving the laser focus by about half the diameter of the focus spot in order to create a continuous pattern. In this fashion, crosstalk between different locations in the pattern was minimized because the scattered light from one spot did not reach the threshold of bleaching elsewhere, unlike projector-based systems where the entire area is exposed simultaneously. The low wavelength of the UV laser leads to a high lateral resolution ($0.7 mm) and the low crosstalk to a high dynamic range ($100:1) of the gradient pattern. The writing speed was limited by the laser's pulse frequency of 1 kHz. A full description of the hardware employed can be found in Behrndt et al. [41] .
Following laser writing, the slide was washed with PBS, incubated for 20 min at room temperature with streptavidin-Cy3 (SA-Cy3) (10 mg/mL in PBS with 3% BSA; Sigma-Aldrich). After washing with PBS, the slide was incubated for 30 min at 37 C with CCL21 24-98 bio followed by an additional washing step. CCL21-24-98-bio-patterned glass slides should be used directly in haptotaxis experiments.
To reproduce the gradient observed in vivo in our in vitro assay, we printed an exponential-like SA-Cy3 gradient that was designed to fit the full range of print intensity determined by grayscale values and possible extension for patterning. The function used for patterning is given by c = ððexpðs,ðx À 1Þ=512Þ À 1Þ,255=ðexpðsÞ À 1ÞÞ; where c is the concentration, x the position, and s = 5 is the steepness. The profile is printed in a range of 512 px, resulting in a patch of size 512 3 512 pixel that is constant along one axis and spans grayscale values in an exponential fashion such that, starting at high intensities, the pattern in a range of $100 mm agrees with the profile observed in vivo.
Imaging
All in vitro haptotaxis assays were recorded with a 203/0.5 PH1 air objective on an inverted wide-field Nikon Eclipse microscope equipped with a light source with flexible excitation band selection (green 549/15, red 632/22; Lumencor). Confocal microscopy images were obtained with a 103/0.3 PH1 objective on a Leica SP5 upright laser-scanning confocal microscope equipped with 488, 561 and 633 nm laser lines and with a 203/0.8 air objective on an inverted Zeiss LSM 700 with 405, 488 and 640 nm laser lines. For mCCL21 24-98 bio quantification, images were obtained using a 203/0.8 air objective on a Zeiss Axio Observer microscope equipped with an external light source (Leica). B4F patterns were written using a 403/1.2 W Korr UV-Vis-IR water immersion objective on an inverted Zeiss Observer microscope equipped with 354-nm pulsed laser and a motorized piezo stage.
Antibody Staining for Immobilized mCCL21 24-98 bio Printed B4F patches were stained with SA-Cy3 for 20 min at room temperature in the dark. After washing with PBS, patches were incubated with PBS only or with mCCL21 24-98 bio in PBS (250 ng/mL). Subsequently, patches were stained with goat anti-mouse CCL21 (R&D Systems) and rabbit anti-goat 488 (Molecular Probes), goat anti-mouse CCL21 (R&D Systems) only, or rabbit anti-goat 488 (Molecular Probes) only. Patches were imaged using a Zeiss Axio Observer wide-field microscope.
Collagen Migration Assays
The assay was performed as previously described in [25] . For a detailed description, please refer to Supplemental Experimental Procedures.
Adhesion Assays
Glass dishes (MatTek) were plasma activated using a plasma cleaner (Harrick Plasma; 2 min; high intensity). Following activation, glass dishes were poly-llysine (PLL)-polyethylene glycol (PEG)-Biotin-coated (0.5 mg/mL in HEPES; SuSos). CCL21 24-98 bio was surface immobilized via streptavidin (SACy3). WT and Grk6 À/À DCs were stained with either TAMRA (3 mM; Thermo Fisher Scientific) or Oregon green (3 mM; Thermo Fisher Scientific) and vice versa to avoid dye-induced effects and mixed in a 1:1 ratio in cell culture medium (R10). 200 mL cell suspension was applied to the CCL21-24-98-biocoated surface, and cells were imaged while spreading. Movies were binarized (Fiji) [42] , and the maximal total area of each movie was calculated.
In Vivo Staining of Interstitial CCL21 Gradients Dermal ear sheets of ROSAmTmG mice were prepared as described before [43] . For a detailed description, please refer to Supplemental Experimental Procedures.
Image Analysis of In Vivo and In Vitro Gradients
Gradients are analyzed as described before [2] . For a detailed description, please refer to Supplemental Experimental Procedures.
Ex Vivo Crawl in Assay for Endpoint Analysis
Mouse ear sheets were prepared as previously described [43] . For a detailed description, please refer to Supplemental Experimental Procedures.
Intralymphatic Migration Assay
Intralymphatic injections were performed as described before [44] . For a detailed description, please refer to Supplemental Experimental Procedures.
Cell Tracking
For image processing and cell tracking, Fiji [42] 
